In social animals, fission is a common mode of group proliferation and dispersion and may be 16 affected by genetic or other social factors. Sociality implies preserving relationships between 17 group members. An increase in group size and/or in competition for food within the group can 18 result in decrease certain social interactions between members, and the group may split 19 irreversibly as a consequence. One individual may try to maintain bonds with a maximum of 20 group members in order to keep group cohesion, i.e. proximity and stable relationships. 21 However, this strategy needs time and time is often limited. In addition, previous studies have 22
Introduction 38
Animals have to balance costs and benefits to be in close proximity to conspecifics 39 (Krause and Ruxton 2002) . On one hand, living in groups may offer the advantage of a lower 40 predation risk and better efficiency when seeking resources. On the other hand, as group size 41 increases, individuals may experience more within-group competition for food and have 42 higher health risks due to the possible spread of contagious diseases (Krause and Ruxton 43 2002) . Living in group implies interacting frequently with other group members in order to 44 maintain group cohesion (Lehmann et al. 2007 ). Group cohesion may be defined using three 45 criteria: stability, coordination and proximity. When group size or within-group competition 46 for food increases, disadvantages may outnumber the advantages of group living, (Chapman 47 et al. 1995; Janson and Goldsmith 1995; Ron et al. 1994) . As a consequence, group cohesion 48 decreases and the group may split either temporarily (Kerth et In primates, grooming is considered to be the most common behavior for the 58 maintenance of close social bonds (Schino 2001) . Previous studies have shown that when an 59 individual regularly grooms a particular partner, it seems to be more tolerant with this partner 60 and more likely to support it during a conflict (without suggesting causality). Likewise, the 61 partner in question typically reciprocates with the same tolerance and support (Henzi and 62 7 2.1.2. Theoretical data: We created theoretical networks using UCINET 6.0 (Borgatti et al. 137 2002) . Groups contained 2 -200 individuals (2, 5, 10, 20, 40, 60 … 200) . We set networks as 138 random (Erdos-Renyi random graph, with a linear distribution of links). The social structure is 139 different for each generated random network. We did not set networks as scale-free since 140 recent primate studies showed that social networks were not scale-free (i.e. with a power 141 distribution of links) but random (see Flack et al. 2006 
Definitions of parameters 153
We defined a bond (or a link) in a network as the time one individual groomed another one. 154
Then the relationship is directed and does not need to be reciprocal The grooming time per 155 individual T(G) i was defined as the time an individual spends grooming, whatever the number 156 of groomed partners n. According to observed data (see table 1) in this study, we considered 157 grooming to represent no more than 15% of total day-time activity. 158
For hypothesis 1 (an individual equally grooms all group members) and hypothesis 2 (an 159 individual non-equally/randomly grooms all group members), the mean strength of social 160 relationships (i.e. dyad's social bonds) was equal to the grooming time divided by the number 161 8 of group members. For hypothesis 1, all grooming time is equal to T(G) i /n. For hypothesis 2, 162 minimum and maximum of grooming time are respectively 0.4% and 5.4% in a group of 5 163 individuals and 0.01% and 0.7% in a group of 200 individuals. 164
As far as hypothesis 3 is concerned (i.e. an individual grooms a fixed number of partners), we 165 carried out simulations with two preferred numbers of groomed partners, n 1 = 5 and n 2 = 10. 166
These correspond to the average and to the maximum numbers, respectively, of groomed 167 partners found in experimental studies regardless of the group size or the species ( Silk et al. 1999 ). We took into account these results to build the theoretical 175 group structure. Even if the number of partners an individual grooms is fixed (to 5 and 10), an 176 individual can be groomed by more (or less) than 5 or 10 grooming partners (see fig.1 for an 177 example). 178
In our model, we decided to simulate an increased within-group competition by reducing 179 grooming time in steps of 20% (i.e. -20, -40, -60, -80, -100%). We attributed the new social 180 bonds equally for hypothesis 1 and randomly for hypothesis 2. For hypothesis 3, we deleted 181 one partner at each step (i.e. 4, 3, 2, 1 and 0 partner). Indeed, previous studies reported that 182 decreased grooming time seems to have differing affects on an individual's social bonds: in 183 the case of high within-group competition, social bonds were mainly observed amongst kin, 184
and an attraction was observed towards the highest-ranking individuals ( The purpose of the model is to assess how group structure in terms of group size and 199 distribution of grooming between individuals (hypotheses 1 to 3) leads to group fission or 200 allow group cohesion (see 2.2 for definitions). In our model, each individual has to choose 201 between two sub-groups according to the social relationships it has with each individual in 202 each sub-group. Then, the global variable we observed -group fission or group cohesion -is 203 based on the sum of individual decisions. 204
State variables and scales 205
The model is based on rules of mimetism/cohesion (Markov chain process) described in 206 this study, it means that the group fission or cohesion will not only depend on the group size 219 but also on how individuals are connected (hypotheses 1 to 3). 220
Process overview and scheduling 221
Each group is characterized by its size (number of individuals per group) and its structure 222 (how individuals are connected). Individuals are characterized by their social relationships 223 depending on the three tested hypotheses and by a state S. At the start of a simulation all 224 group members are in state s0 (i.e. group 0, initial group). Then, all individuals will have to 225 choose between state s1 (i.e. sub-group 1) and S2 (i.e. sub-group 2) according to their own 226 social relationships. This process based on social network will lead to the group cohesion or 227 the group fission. This is the only measure we took into consideration at the end of a 228 simulation. Simulations stop when all group members have changed from state s0 to states s1 229 or s2. Groomed partners for each group member were attributed randomly (see Data for 230 details). The model was then implemented in Netlogo 3.1.4 (Wilensky 1999) . We set the 231 number of simulations to 10,000 for each hypothesis and for each set of tested parameters. 232
Design concepts 233
Emergence: the only phenomenon emerging from individual decisions in the model is the 234 group fission or cohesion. 235 11 Fitness: we did not measure fitness of individuals in this study. 236
Interaction: individuals are linked to another one by the grooming time they give or they 237 receive (see 2.2 for details). 238
Sensing: to change state S (1 or 2), individuals take into account an intrinsic probability Ȝ iS 239 and the relationships they have with individuals already in the state S. Observation: We set the number of simulations to 10,000 for each hypothesis and for each set 249 of tested parameters (i.e. group size). Then, for each hypothesis and each group size, we 250 obtained a value of group cohesion (how much time the group staid cohesive up on the 10,000 251
simulations) 252
Initialization 253
At the start of a simulation all group members are in state s0 (i.e. group 0, initial group). We 254 then induce a change of state in two randomly chosen individuals: state s1(i.e. sub-group 1) 255 for one individual and state s2 (i.e. sub-group 2) for the other. These two individuals are 256 therefore the basis of the formation of the two sub-groups. 257
Input 12 At each time step, a number between 0 and 1 is randomly attributed to all other individuals i 259 in state s0; when this number is lower than the theoretical probability
individual changes from state s0 to state s1; when this number is comprised between
, then the individual changes from state s0 to state s2; however, 262 no change of state occurs if this number is superior to
If Ȉr(k,i) = 0 for an individual i, it changed of state according to its intrinsic probability Ȝ. 265
The probability ȥ is for an individual i in state 0 to turn into state s (1 or 2) was: 266
where Ȝ i was the intrinsic probability to change state. We considered that all group members 268 had the same intrinsic probability. Ȝ i = 0.0001 269 p determined the degree of non-linearity in the response shown by individual i. The higher the 270 value of p was, the higher was the resulting discrimination between the both directions (i.e. 271 the higher the individual probability Ȍ to go into state s) was, suggesting a deterministic 272 response in this study (Amé et We calculated these indices using UCINET 6.0 (Borgatti et al., 2002) . 316 317
Statistical analyses 318
The relationship between group size and group structure i.e. group mean path length and 319 density, was determined for the three hypotheses. Curve estimation tests were used to assess 320 whether the density and the group mean path length of a given group depends on group size, 321 and to establish the relationship between these variables (linear, logarithmic, and exponential) 322 (Newman et al. 2006 ). The same curve estimation tests were used to assess the dynamics of 323 group cohesion for each hypothesis according to group size. In order to understand the 324 relations between group cohesion and group size, we finally verified for each hypothesis how 325 group cohesion is affected by group density and group mean path length. 326
Distributions of group sizes after simulations were compared to observed distributions (data 327 from 40 studied groups, see Data for details) using the Kolmogorov-Smirnov test with 328 15 Monte-Carlo significance estimation (the number of simulations for this test was set at 329 10,000). This allows to assess if simulated dynamics of group cohesion/fission fits with global 330 patterns observed in the wild. The theoretical values were obtained by dividing the number of 331 cohesive groups (i.e. that have not split) in each group size by the total number of cohesive 332
groups. 333
A Mann Whitney test was used to assess how increased within-group competition -a 334 decrease in the grooming time -influences group cohesion within our model. The initial 335 condition -15% of grooming time -was compared to each other condition (12, 9, 6, 3 and 336 0%). Analyses were performed using SPSS 10 (SPSS Inc., Chicago, USA). 337
Path analysis was used to assess direct and indirect effects between group size, group 338 structure and group cohesion. Path analyses and diagrams were carried out using AMOS5 Group density. For hypotheses 1 and 2, the density was constant (1.00) whatever the group 359 size ( fig.2b ). For hypothesis 3, the best fit equation between the group mean path length and 360 the group size was logarithmic, whatever the number of groomed partners (5 or 10), (N = 13, 361 F 1,11 96.611, R² 0.898, P < 0.000001; fig.2b ). 362 363
Relationship between group cohesion and group size. 364
For hypothesis 1, group cohesion (defined as the ratio of the number of cases where "one of 365 the sub-groups containing three individuals or less" divided by the total number of 366 simulations) was a constant (1.00; fig.2c ). For hypothesis 2, the best fit equation between 367 group cohesion and group size was logarithmic (N = 13, F 1,11 = 24.255, R² = 0.68, P = 0.0004; 368 fig.2c ). The decrease in group cohesion was only seen to be 0.085±0.004% in groups of 10 to 369 200 members. For hypothesis 3, whatever the number of groomed partners (5 or 10), the best 370 fit equation between the group cohesion and the group size was exponential (N = 13, F 1,11 371 327.615, R² 0.967, P < 0.000001; fig.2c ). 372
These results suggest that when an individual has social bonds with all other group members, 373 whatever the quality of these social bonds, group size has little influence on group cohesion 374 and consequently on group fission probability. 375 376
Relationship between group cohesion and group structure. 377
Group mean path length. For hypotheses 1 and 2, group cohesion was constant (1.00) 378 whatever the group mean path length. For hypothesis 3, the best fit equation between mean 379 path length and group cohesion is negatively linear, whatever the number of groomed partners 380 (5 or 10) (N = 13, F 1,11 219.38, R² 0.952, P < 0.000001). 381
Group density. For hypotheses 1 and 2, the group cohesion was constant (1.00) whatever the 382 density. For hypothesis 3, the best fit equation between density and group cohesion is 383 logarithmic, whatever the number of groomed partners (5 or 10) (N = 13, F 1,11 471.13 , R² 384 0.977, P < 0.000001). 385
The equation best describing the relationship between density (and the group mean path 386 length) and group cohesion for 5 partners was similar to that calculated for 10 partners (table  387 2). These results suggest that group size seems to not directly influence group cohesion, but it 388 seems to indirectly do it through group structure, and only in the case of hypothesis 3. 389
However, this hypothesis needs to be statistically tested a test allowing to describe direct and 390 indirect effects of variables (see. 3.2 in Results). 391 392
Comparison of observed group distribution and simulated group distributions. 393
For the observed data, and for each hypothesis, we calculated the relative distribution of 394 group sizes. The best fit equation for the observed distribution was logarithmic (N = 6, F 1,4 = 395 21.29 , R² = 0.852, P = 0.008; fig.3 ). For hypotheses 1 and 2, there was no relationship 396 between relative frequency and group size (N = 11, F 1,9 1.74 , R² 0.16, P 0.215; fig.3 ). 397
Their distributions significantly differed from the observed distribution (N observed = 6, N simulated 398 = 11, z = 1.314, P 0.021). For hypothesis 3, whatever the number of groomed partners (5 or 399 10), the best fit was logarithmic (N = 11, F 1,9 720.55, R² 0.98, P < 0.000001; fig.3 ). For 5 400 and 10 partners, the simulated distribution did not significantly differ from the observed 401 distribution (N observed = 6, N simulated = 11, z = 0.806, P = 0.356 for 5 partners; N observed = 6, 402 18 N simulated = 11, z = 1.134, P = 0.086 for 10 partners; fig.3 ). However, P-values suggested that 403 there was less difference between the observed distribution and the distribution for 5 partners 404 than for 10 partners. The "5 partners" condition seemed the best model to explain how an 405 individual attributed grooming time to group-mates. 406 407
How does an increase of within-group competition affect group cohesion? 408
When within-group food competition increased, group members had to spend more time 409 foraging (and therefore to move from one patch to another). As a consequence, grooming time The most likely causal relations among the different variables previously tested were assessed 422 using path analyses. For hypotheses 1 and 2, the most parsimonious causal model showed that 423 grooming time and group size did not affect group cohesion either directly or indirectly (AIC 424 = 18; df = 2; P = 1; fig.4a ). These results confirmed what we expected below. In the case of 425 hypothesis 3, grooming time and group size affected group cohesion but did so indirectly 426 19 through the group structure and especially through the group mean path length (AIC = 38; df 427 = 2; P = 0.021; see fig.4b for details about different influences). 428 to propose this indirect link before our study and this result needs to be checked. Our model 476 21 suggests that group size, grooming time and group cohesion are linked when an individual 477 grooms only a specific number of partners. In this scenario, group cohesion decreases when 478 group size increases and/or grooming time decreases. Kudo & Dunbar (2001) also showed 479 that structure of small and large groups differ. Indeed, large groups seem to be more sub-480 structured. This sub-grouping might be because animals deliberately invest their grooming in 481 core coalition partners (Kudo & Dunbar 2001; Lehmann & Dunbar 2009 ). Indeed, a 482 theoretical study on social network graphs showed a similar decrease of connectivity 483 according to nodes' number (Wu, 2005) . Moreover, we showed that this relationship between 484 group cohesion and group size is logarithmic: when group size exceeded 40 individuals, 485 group cohesion was almost null. This link was however indirect: as (1) group size and 486 grooming time directly influenced group structure, and (2) group structure directly influenced 487 group cohesion (in our study the inverse probability that a group splits in two sub-groups), 488 therefore (3) group size and grooming time influenced group cohesion. To confirm this result 489 and to understand how the group structure evolved according to both group size and the 490 number of groomed partners, it would be interesting to study groups at the same size but with 491 a different number of partners per individual. 492
Moreover, Lehmann et al. (2007) showed for instance that female dispersion and sex 493 ratio influenced grooming: species with female philopatry spend more time grooming than 494 species with female dispersal. Even if social characteristics such as philopatric sex or the sex 495 ratio, that represent the variability of a social structure, are already included in the different 496 random networks we tested with our model, we did not identify them. However, it would be 497 interesting to assess how these characteristics influence the social network and then the group 498 cohesion. 499
The distribution of the number of groups staying cohesive according to group size was 500 similar, in our model with a fixed number of five partners, to that based on observed data. Remembering the grooming relationships for five partners would be the easiest solution for an 524 individual, and would be a more parsimonious process than having to remember its ties with 525 all group members. Moreover, grooming five partners rather than all group members may 526 favor sub-grouping patterns and reduce within-group conflict by regrouping individuals with 527 similar social/physiological affinities (Aureli and Schaffner 2007; Couzin and Laidre, 2009; 528 Ramos-Fernandez et al. 2006) . 529
We believe that a relationship may exist between group size and grooming time but 530 that this relationship would probably be indirect: an increase in group size could result in 531 more food competition between group members (Majolo et al. 2008 ). As a consequence, an 532 individual would have to increase its foraging time and therefore decrease its grooming time. 533
The consequence is not due to a higher number of partners, but to lower food availability. We 534 did not directly test the relation between food competition and group size in our model, but This study was based on grooming interactions but we suggested that similar results 543 may be obtained for any positive interaction such as proximities, contacts or frequency of 544 lips-making for instance. Even if our model did not test all factors having a potential influence 545 on the structure of social relationships, it does show that the key characteristic of group 546 cohesion and stability is group structure (Wey et al. 2007 ). It is interesting to note that the 547 probability to find large group sizes decreases exponentially with group size in the context of 548 stable groups after irreversible fission but also in fission-fusion populations (Couzin & Laidre 549 2009 ). We do not think that a group splits irreversibly in one event as it does in our model. density and group cohesion, for 5 and 10 partners. Tests showed that the equations are similar 857 for 5 and 10 partners. We used a comparison test for two linear regressions (transformation 858 from logarithmic to linear for the relations between density and number of partners). We first 859 used a Snedecor test to compare variances of each distribution (df 1 = df 2 = 11, f 0.75). Then, 860
we tested if variable (b1 5partners -b1 10 Wasserman 1994). We showed from this graph that even if the number of partners groomed 870 by the same individual was fixed at 5, an individual can be groomed by more (or less) than 5 871 grooming partners in the model. We built this network via Netdraw in UCINET 6.0 (Borgatti 872 et al. 2002) . Distance between individuals represents the strength of associations, and was 873 calculated using multidimensional scaling (Whitehead 2009 
